Aniket Chowdhury, Raktim Dasgupta, Shovan K. Majumder, "Changes in hemoglobin-oxygen affinity with shape variations of red blood cells," J. Biomed. Opt. Abstract. Shape variations of red blood cells (RBCs) are known to occur upon exposure to various drugs or under diseased conditions. The commonly observed discocytic RBCs can be transformed to echinocytic or stomatocytic shape under such conditions. Raman spectra of the three major shape variations, namely discocyte, echinocyte, and stomatocyte, of RBCs were studied while subjecting the cells to oxygenated and deoxygenated conditions. Analysis of the recorded spectra suggests an increased level of hemoglobin (Hb)-oxygen affinity for the echinocytes. Also, some level of Hb degradation could be noticed for the deoxygenated echinocytes. The effects may arise from a reduced level of intracellular adenosine triphosphate in echinocytic cells and an increased fraction of submembrane Hb.
Introduction
Although the more often observed shape of red blood cells (RBCs) is that of a biconcave discocyte, it has long been recognized that during interactions with various drugs, such as chemotherapeutic agents, and diseased conditions, such as uremia, liver ailments, etc., the cells can often undergo transformations to stomatocytic or echinocytic shapes. [1] [2] [3] [4] [5] Whereas a stomatocytic transformation is characterized by a membrane internalization, the echinocytic transformation is characterized by membrane externalization. An understanding for the mechanisms of the stomatocyte-echinocyte transformation is provided by the bilayer-couple model for cellular membrane, proposed by Sheetz and Singer. 1, 2 However, when several studies have been performed to investigate the mechanism of these shape transformations of RBCs and the factors involved, effects of such shape transformations on the functional behavior of RBCs, for example, capacity for transporting oxygen, have not been yet studied. Now, since these transformed RBCs are known to be associated with several common diseased/therapeutic conditions, studies to understand the functional changes in the RBCs that may occur with the shape transformations will likely help in better understanding the prognosis and manifestations of the concerned diseases.
Here, we present the results of our studies on the effect of the stomatocytic and echinocytic shape transformations on the intracellular hemoglobin (Hb)-oxygen affinity of RBCs. For this, we recorded Raman spectra of optically trapped single RBCs [6] [7] [8] both in the oxygenated and deoxygenated states by flowing dry nitrogen (N 2 ). It is pertinent to note here that the use of Raman optical tweezers for recording Raman signal from optically trapped RBCs offers significant advantages over conventional micro-Raman techniques in terms of better rejection of backgrounds coming from the substrate and least alteration of cell properties as the cells are held by optical forces in suspension. [6] [7] [8] The level of oxygenation/deoxygenation of the three types of cells, namely discocytes, echinocytes, and stomatocytes, was compared from Raman spectra recorded at identical conditions. Our results suggest a difference in Hb-oxygen affinity for the different types of cells. When subjected to identical N 2 flow, discocytes and stomatocytes were observed to get more deoxygenated than echinocytes suggesting an increased level of Hb-oxygen affinity for the echinocytes. Also, the echinocytes showed signs of Hb denaturation and consequent damage on cell under the deoxygenated state.
Materials and Methods
The details of our Raman optical tweezers setup are described in Ref. 9 . Briefly, a 785-nm cw beam was used for both trapping the cells and exciting the Raman spectra. The laser beam was introduced into an inverted microscope (IX 81, Olympus) equipped with a high numerical aperture (NA) objective lens (Olympus 60×, NA 1.42), forming an optical trap. For trapping and acquisition of Raman spectra, we used laser power ∼3 mW, at the specimen plane. The RBCs were trapped ∼30 μm above the bottom cover plate of the sample holder. The Raman spectra were recorded using an imaging spectrograph (Shamrock SR-303i, Andor Corp). The spectrograph was equipped with a 600 lines∕mm grating blazed at an wavelength of 900 nm and incorporates a back-illuminated CCD (iDus 401-BRDD, Andor Corp) camera thermoelectrically cooled down to −80°C. To allow observation of the trapped RBC, a halogen illumination source and a video CCD camera were used.
The spectral resolution of our Raman system is about 6 cm
with 600 lines∕mm grating, and the Raman spectra can be recorded in the range from ∼500 to ∼2100 cm −1 . To remove the presence of the background from the RBC spectra, the background was acquired without a cell in the optical trap. This was subtracted from the original spectra to produce the Raman spectra of the trapped RBC.
It is worthwhile to mention here that the laser light gets scattered by the trapped RBC, and the scattering pattern may vary depending upon the size and shape of the cells. 10 The recorded Raman spectra were area normalized (normalization of the spectra relative to the total spectral intensity) prior to analysis for eliminating the effects of such light scattering on the recorded spectra. The normalization ensures minimization of any cell-tocell variations of the total intensity of the recorded spectra that may have originated from the excitation light intensity variations due to scattering at the sample. Further in Raman optical tweezers setup, the fraction of Raman scattered light that is directed back to the microscope objective is collected and subsequently coupled to the spectrometer. Any variation in this collected fraction due to scattering from cell surfaces may lead to variation in the overall strength of the recorded Raman spectra. However, such variations also get removed before analysis by area normalizing the spectra. Moreover any changes in volume concentrations of Hb among different types of RBCs that may lead to changes in overall intensity of the Raman spectra were also corrected by area normalization.
Unused parts of the blood samples collected for screening and found healthy were supplied without donors' identifications by the blood bank of Choithram Hospital and Research Centre, Indore, with the consent of the ethical committee of the hospital. RBCs were separated from these anticoagulated blood samples (containing ethylenediaminetetraacetic acid 5.4 mg∕3 ml) by centrifugation at 3000 rpm for 3 min. The separated RBCs were then washed with phosphate-buffer saline twice by centrifugation at 3000 rpm for 3 min and suspended in the same buffer. Appropriate dilutions of the cells in buffer solution containing 2% bovine serum albumin (BSA) were then used for experiments. The addition of BSA helps to stabilize the morphology of the cells and also prevents attachment of RBCs to the bottom glass surface of the sample chamber. 9, 11 No additional BSA coating was done on the bottom surface of the sample chamber. Raman spectra were recorded over about hundred cells from blood samples collected from five healthy donors at changing N 2 flow rates.
Raman spectra were recorded from the RBCs both in the oxygenated and deoxygenated states following the method used in Ref. 12 , which is by flowing dry nitrogen (N 2 ) gas in a flow-through cell. The flow rate of N 2 was adjusted in steps of 10 cc∕min over the range of 0 to 60 cc∕min. At each flow rate, we observed the cells become increasingly deoxygenated until a steady level is reached after about 20 min. All spectra were recorded only after the steady level of deoxygenation is reached by the cells. As observed from the Raman spectra, an increasingly steady level of deoxygenation occurs to the cells as we increased the N 2 flow rate. At a N 2 flow rate of 60 cc∕min, RBCs appeared to be strongly deoxygenated since the oxygen concentration in the flow cell becomes <1%. It is worthwhile mentioning here that by oxygenated RBCs we mean RBCs exposed to atmospheric oxygen concentration and deoxygenated RBCs are the cells where intracellular Hb is in equilibrium with ∼1% surrounding oxygen concentration occurring at 60 cc∕min N 2 flow.
It is also important to mention here that from our earlier studies on photodamage of optically trapped RBCs 7 we found that photoinduced protein denaturation or photo-oxidation of RBCs remain minimal over about 100 s at trapping power ∼5 mW. Therefore, in the present experiments, the trapping laser power was kept at ∼3 mW and the spectral acquisition time up to 30 s, to ensure that any photodegradation of cells was avoided for normal RBCs.
For the recorded Raman spectra, the average signal-to-noise ratio was estimated to be ∼23 dB indicating that our setup is sensitive to ∼0.7% intensity changes for different Raman bands of trapped RBCs. The standard deviations in Raman band intensities among a number of RBCs of a particular shape or oxygenated state were estimated to be within ∼17%. Therefore, observed changes that are above 17% in the Raman spectra recorded from different cell types were only considered. Further, since the Raman spectra may get influenced by the wavelengthdependent nature of scattering at cell surface, we always analyzed the intensity changes of related Raman peaks with relative to an adjacent peak. The changes in the intensities of the 1212 and 1248 cm −1 Raman peaks were analyzed with respect to the intensity of the adjacent 1224 cm −1 Raman peak. The 1547 cm −1 Raman peak intensity has been studied with respect to the intensity of the adjacent 1564 cm −1 peak. As the frequency differences among the adjacent peaks are typically ∼20 cm −1 or ∼1 nm, which is <0.001% of the mean wavelength of the Raman scattered light (820 to 950 nm), variation of the estimated relative peak intensities due to scattering from cell surface was negligible. One-way analysis of variance (ANOVA) was performed for statistical validation of the observed spectral changes. Figure 1 shows the three types of RBCs when observed free in suspension and when trapped. In each sample, an abundance of discocytes and a very small fraction of echinocytes could be observed uniformly over the whole specimen. In contrast, only a small fraction of stomatocytes were observed occasionally over some isolated areas in the sample. Figure 2 shows the mean Raman spectra for the three types of RBCs when deoxygenated at 60 cc∕min N 2 flow (hereafter called deoxygenated cells). For each cell type, the spectra represent the mean over 25 recorded spectra from blood samples collected from five healthy volunteers. Observations of the overall spectra from the three types of cells suggest that in deoxygenated condition the mean spectrum recorded from echinocytes is different from that of discocytes and stomatocytes. The major differences in these spectra can be seen for Raman bands at 751, 973, 1212, 1248, 1547 cm −1 , etc.
Results
In Fig. 3 , the recorded Raman spectra in the 1190 to 1270 cm −1 region are presented for the three types of cells Journal of Biomedical Optics 105006-2 October 2017 • Vol. 22 (10) when transiting from the oxygenated (no N 2 flow) to partially deoxygenated (20 cc∕min N 2 flow) to deoxygenated condition. In this region, three major Raman bands occur at 1212, 1224, and 1248 cm −1 , respectively. It is known that while the 1224 cm −1 band is stronger in the spectra of oxygenated-Hb, the intensity of the 1212 cm −1 band gets enhanced in the spectra of deoxygenated-Hb. [12] [13] [14] It can be seen from Fig. 3 that while these bands appear similar in the oxygenated spectra from all types of cells, at the deoxygenated state noticeable differences exist in the Raman spectra of echinocytes from that of discocytes and stomatocytes. Echinocytes appear to be incompletely deoxygenated when subjected to 60 cc∕min N 2 flow while the other cell types look to be deoxygenated at an identical condition. Also apart from the above-mentioned changes, which are correlated with the oxy to deoxy transitions of the cells, for echinocytes, a noticeable increase of the Raman band corresponding to occurrence of intracellular Hb denaturation/aggregation was observed. The increased intensity of Raman band at 1248 cm −1 for echinocytes has been indicated in Fig. 3 . This band can be attributed to the aggregation of heme moieties as a consequence of photoinduced denaturation of Hb 11, 15 suggesting increased susceptibility of deoxygenated echinocytes to photodegradation. This is further supported by the observed increase in intensity of 973 cm −1 band in the spectra from echinocytes as shown in earlier studies. 7, 15 Further, although the appearance of the echinocytes looked normal, we observed a decreasing intensity of the 751 cm −1 band, which represents the breathing of pyrrole rings. This may result from a leaky nature of the echinocytic RBCs. 16 The other noticeable changes in the spectra during oxydeoxy transitions could be seen for the Raman bands after 1500 cm −1 . Among these spin-state marker bands (between 1500 and 1700 cm −1 ) very significant is the band at 1547 cm −1 . The 1547 cm −1 band is known to be the most intense band in the deoxygenated RBCs. 12, 17 In Fig. 4 , the mean spectra over the 1510 to 1670 cm −1 region, as collected from discocytes, echinocytes, and stomatocytes, when oxygenated and when Fig. 3 Raman spectra from discocytes, echinocytes, and stomatocytes over 1190 to 1270 cm −1 region. The first, second, and third rows represent discocytes, echinocytes, and stomatocytes, respectively, while the first, second, and third columns represent N 2 flow rates at 0, 20, and 60 cc∕ min, respectively. In each spectra, the central dark line is the mean over five samples and the purple band represents the standard deviations. The Raman bands where noticeable changes were observed are marked. Fig. 2 Raman spectra from deoxygenated discocytes, echinocytes, and stomatocytes. In each spectra, the dark central line shows the mean value and the purple band represents the standard deviation estimated over all the cells studied. The Raman bands where differences can be seen for different RBC types are marked.
Journal of Biomedical Optics 105006-3 October 2017 • Vol. 22 (10) deoxygenated by subjecting to N 2 flow are plotted. While the spectra under the oxygenated condition are almost similar for the discocytes, echinocytes, and stomatocytes, the situation looks different in deoxygenated conditions. As observed over the 1190 to 1270 cm −1 region, a transition from oxygenated to deoxygenated state could be seen for all types of RBCs when deoxygenated by subjecting to N 2 flow, here also we notice that discocytes and stomatocytes seem to attain a higher deoxygenated state over the echinocytes when subjected to N 2 flow at 60 cc∕min.
To further understand the differences among the three types of RBCs, fuzzy c-mean (FCM) clustering algorithm 18 was applied to the recorded spectra. In brief, FCM seeks to partition among the recorded Raman spectra from different RBC types in such a way that the spectra belonging to the same clusters (a particular type of RBC in this case) show a certain degree of closeness or similarity, whereas data belonging to different clusters are as dissimilar as possible. The clusters are assumed to have "fuzzy" boundaries, in the sense that each RBC spectrum may belong to one group to some degree or another. In our analysis, we could specify the number of underlying groups either as oxygenated and deoxygenated or as different shape variants of RBCs. The FCM, thereafter, could find the best mean spectrum representing each group via an iterative approach and used these as cluster centers. Thereafter, the algorithm incorporates fuzzy set's concept of partial membership and assigns the membership value to individual RBC's spectrum. The membership values for each of the clusters are within a range of 0 to 1 with a restriction that the sum of memberships of any individual spectrum over all the clusters must be equal to one. Figure 5 (a) shows the membership values for discocytes (the most commonly found RBC) into two clusters representing oxygenated and deoxygenated states. Whereas the predicted memberships to oxygenated and deoxygenated states are represented by position of the data points in the left or right side of the central dashed line, respectively, the actual memberships are shown by the colors of the data points (red circles for oxygenated and green squares for deoxygenated). It can be seen that FCM clustering can differentiate the RBCs into oxygenated and deoxygenated groups very well, and therefore, the mean spectra obtained from FCM were used as representative spectra for oxygenated and deoxygenated cells [ Fig. 5(b) ]. The difference of this mean deoxygenated spectrum from the mean oxygenated spectrum is shown in Fig. 5(c) , where the relevant Raman peaks that undergo significant changes can be clearly seen. Figure 5(d) shows the membership values for deoxygenated discocytes, echinocytes, and stomatocytes into three clusters representing three shape variations of RBCs. Whereas the predicted memberships to different shape groups are represented by closeness of the data points to respective axes (cluster 1: echinocytes, cluster 2: stomatocytes, and cluster 3: discocytes), the actual memberships are shown by the colors and shapes of the data points (red spheres for discocytes, green boxes for echinocytes, and blue tetrahedrons for stomatocytes). Similarly, the memberships of spectra from oxygenated cells into three FCM clusters are shown in Fig. 5(e) . It can be seen from Fig. 4 Raman spectra from discocytes, echinocytes, and stomatocytes over 1510 to 1670 cm −1 region. The first, second, and third rows represent discocytes, echinocytes, and stomatocytes, respectively, while the first, second, and third columns represent N 2 flow rates at 0, 20, and 60 cc∕ min, respectively. In each spectra, the central dark line is the mean over five samples and the purple band represents the standard deviations. The Raman bands where noticeable changes were observed are marked.
Figs. 5(d) and 5(e) that while the spectra of three shape variants of RBCs are indistinguishable in oxygenated state the spectra of deoxygenated discocytes and deoxygenated echinocytes appear well distinguishable [ Fig. 5(d) ]. The mean spectra obtained from FCM analysis for deoxygenated discocytes and deoxygenated echinocytes were, therefore, used as representative spectra as shown in Fig. 5(f) . The difference of these mean spectra is shown in Fig. 5(g) , where the relevant Raman peaks that represent the The distance from x -axis (cluster 1), y -axis (cluster 2), and z-axis (cluster 3) denotes memberships into echinocytes, stomatocytes, and discocytes groups, respectively. It can be clearly seen that echinocytes and discocytes are well separated when deoxygenated but the different cell types are not well separated under oxygenated conditions. (f) The mean spectra of discocytes and echinocytes under deoxygenated conditions estimated by FCM analysis. (g) The difference between deoxygenated echinocytes and discocytes mean spectra showing Raman peaks with major changes.
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105006-5 October 2017 • Vol. 22 (10) significant differences between deoxygenated discocytes and deoxygenated echinocytes can be seen. Under deoxygenated conditions, echinocytes were observed to give Raman spectra with weaker peaks at 751, 973, 1212, and 1547 cm −1 and stronger Raman peak at 1248 cm −1 .
Since the spectra shown in Figs. 2-4 and the FCM cluster analysis suggest that echinocytes are associated with a higher Hb-oxygen affinity and also possibly suffer from Hb degradation, to check the statistical validity of the results, we carried out analysis to estimate the correct intensities of the relevant Raman peaks and whether their features can be discriminated for the different cell types. The results are shown in Figs. 6 and 7 . Figures 6(a)-6(c) show the mean Raman spectra from all the three cell types at the deoxygenated state over the region 1190 to 1260 cm −1 . Since the three Raman peaks in this region at 1212, 1224, and 1248 cm −1 are closely spaced and strongly overlapped, the peak intensities cannot be accurately determined directly from the spectra. Therefore, three Lorentzian peaks allowed for independent variation in terms of intensity and width were used to obtain the best-fit profile to the experimental data. It can be seen that the fitted profile approximate quite well with the observed data. Therefore, the peak intensities of the fitted Lorentzian profiles were used to estimate the intensities of the corresponding Raman bands. Figure 6 (d) shows the box plots for the relative intensities of Raman peak at 1212 cm −1 relative to 1224 cm −1 peak measured over all the samples. Since an enhancement of 1212 cm −1 peak is expected when the cells are deoxygenated, discocytes appear to become maximally deoxygenated, and the echinocytes became least deoxygenated under identical N 2 flow (60 cc∕ min) conditions. Stomatocytes appear to undergo a similar level of deoxygenation, such as the discocytes. The differences in the distribution of Raman peak intensities for the three types of RBCs were found to be statistically significant, p < 0.0005 (one-way ANOVA). Similarly, in Fig. 6(e) , we present the box plots for the relative intensity of the Raman peak at 1248 cm −1 with respect to 1224 cm −1 peak measured over all the samples. An enhancement of the Raman band at 1248 cm −1 is the Fig. 6 The mean Raman spectra (solid dark line) for ∼1190 to 1260 cm −1 region and the fitted peaks for (a) discocyte, (b) echinocyte, and (c) stomatocyte. (d) and (e) The box plots for relative intensities of the Raman peaks at 1212 and 1248 cm −1 with respect to the 1224 cm −1 peak. The solid line within each box represents the median, the bottom and top borders indicate the 25th and 75th percentiles, the notches represent the 95% confidence intervals, and the dot inside the box indicates the mean.
Journal of Biomedical Optics 105006-6 October 2017 • Vol. 22 (10) indicator of heme denaturation/aggregation. This effect is observed for echinocytes when compared to discocytes as can be seen from Fig. 6(e) . Here, also the differences in the distribution of Raman peak intensities for the three types of RBCs could be verified to be statistically significant, p < 0.005 (one-way ANOVA). Figures 7(a)-7(c) show the mean Raman spectra over the region 1510 to 1685 cm −1 from all the three cell types at the deoxygenated state. The previous reports by various groups show that the Raman spectrum of RBCs in the range 1500 to 1700 cm −1 has eight bands that can be denoted as ν 38 ; ν 11 ; ν 19 ; ν 37 , νðC═CÞ vinyl ; νðC═CÞ vinyl , ν 10 , and amide I. 12 Therefore, observed spectra were fitted using eight Lorentzian peaks. Raman peak with respect to 1564 cm −1 peak measured over all the five samples. An enhancement of 1547 cm −1 band is expected when the cells are deoxygenated. Differences among 1547 cm −1 Raman bands recorded from three types of RBCs can be seen, which was also verified to be statistically significant (p < 0.0005) by one-way ANOVA analysis.
Discussion
We observed all three forms of RBCs, namely discocytes, echinocytes, and stomatocytes, were naturally occurring in the collected blood samples. The reasons for some degrees of shape transformations of cells in the blood samples are not clear, but it is known that a variety of agents can trigger such transformations. For example, anionic amphipaths, high salt, high pH, adenosine triphosphate (ATP) depletion, cholesterol enrichment, and proximity to a glass surface induce echinocytes, whereas cationic amphipaths, low salt, low pH, and cholesterol depletion induces stomatocytes. 6, 18 Since in our experiments cells were suspended in physiological buffer, the salt concentrations or medium pH was maintained constant and no external amphipaths were introduced, the osmotic pressure of the extra cellular medium remained constant. We believe the reason for observation of a small number of echinocytes may result as artifacts related to blood storage (ATP depletion). Since stomatocytes could only be observed at some isolated areas over the bottom wall of the sample chamber, we presume these may have caused by artifacts, such as local exposure to some cationic amphipaths, 19 or may be seen as naturally occurring in small numbers in healthy persons. 20 It is worthwhile to consider here that apart from the intrinsic differences among different types of RBCs other factors might have also resulted in changes in the recorded Raman spectra. As for example, the elastic scattering of incident laser light or Raman scattered light at the RBC surface with varying morphology may result in changes in the overall intensity of the recorded spectra. However, such effects could be taken care of in the presented analysis by area normalizing all spectra. Further, the volume concentrations of Hb inside different shape variations of RBCs may be different, which may lead to some changes in the Raman spectra. 21 So, to take care of this artifact and others, Raman spectra were recorded from three types of RBCs under both oxygenated and deoxygenated conditions. During our experiments, we noted that the morphology of the three types of RBCs remains unchanged between oxygenated and deoxygenated conditions. The stomatocytes did not produce any distinguishable changes in spectra over discocytes under oxygenated and deoxygenated conditions. However, the results show spectral changes between discocytes and echinocytes when the cells were deoxygenated. Under oxygenated conditions, the spectra from discocytes and echinocytes were indistinguishable (Fig. 5 ). This shows that the observed changes in the deoxygenated Raman spectra were not due to their morphological dissimilarities, as in that case such differences would have been observed for oxygenated cells as well. This also shows that varying Hb concentration in different RBC types should not have any appreciable contribution in the observed differences in the deoxygenated Raman spectra. The same reasoning also applies to any possible changes in the deoxygenated spectra due to wavelength dependent nature of light scattering since similar effects should have been also noticed when the cells were oxygenated.
The results of our study suggest that among the different shapes of RBC, discocytes act most efficiently for releasing oxygen from the intracellular Hb when subjected to N 2 flow. This is an interesting observation considering all the cell types were kept in an identical environment. Over the many years of research on RBCs for their oxygen transport properties, it has been known that Hb-oxygen saturation primarily depends on factors such as surrounding temperature, pH, CO 2 , concentration of intracellular ATP and 2,3-DPG, partial pressure of oxygen, etc. Therefore, while kept in identical environment, one possibility is that echinocytic/stomatocyte shape may influence the oxygenation state of the cell via the change in the effective area to volume ratio of the cells. Since echinocytes should have a higher area to volume ratio, 5 it may possibly increase the rate of transfer of oxygen between the cell and surrounding medium. But this should result in an enhancement of the release of oxygen from the echinocytic cells.
It is also known that ATP is an important factor for maintaining the discocyte shape of RBCs, and a depletion of ATP can cause echinocytic shape of cells. 22, 23 The loss of ATP has been suggested to result in a stiffer cytoskeleton causing a pull on the bilayer over a smaller cytoskeleton-projected area. Therefore, to accommodate the bilayer over the smaller cytoskeletonprojected area, spicules are formed that are characteristic of the echinocyte shape. 24 It is now worthwhile to note that at the same time a decrease of ATP concentration can influence the oxygen affinity of Hb in RBCs. [25] [26] [27] [28] The decrease in ATP concentration in RBCs decreases the direct binding of ATP to Hb resulting in a reduction in ATP-Hb complex formation. It has also been shown that ATP and other organic phosphates (such as diphosphoglycerate), which affect the oxygen binding behavior of Hb, interact with deoxy-Hb with a higher affinity and help in the stabilization of deoxy-Hb. 29, 30 Therefore, it is likely that a decrease in ATP in cells that may be associated with echinocytic shape transformation should lead to an increasing oxygen affinity for the cells and hinder the release of oxygen when subjected to hypoxic condition.
It is known that RBCs are continuously exposed to both endogenous and exogenous sources of reactive oxygen species (ROS) that can damage the intracellular Hb. The autoxidation of Hb is a major and continuous source for endogenous ROS. 31 To minimize these oxidative stresses, RBCs have an antioxidant system comprising of both nonenzymatic antioxidants, such as glutathione, and enzymatic antioxidants, such as superoxide dismutase, catalase, glutathione peroxidase, and peroxiredoxin-2. [32] [33] [34] [35] The bulk of the ROS is neutralized by these cytosolic antioxidants. However, the autoxidation of Hb bound to the membrane is relatively inaccessible to the predominantly cytosolic RBC antioxidant mechanism. The oxidative stress in cells becomes more pronounced under hypoxic conditions since partially deoxygenated-Hb suffers from an increased rate of autoxidation 36 and increased affinity for the RBC membrane. 37 Further under hypoxic condition, RBCs have an altered glycolytic pathway that limits its antioxidant capacity. 38 Therefore, we presume that increased membrane area in echinocytes might have the effect to reduce the efficiency of cytosolic antioxidant mechanisms in the cells by having a higher fraction of membrane attached Hb. The degradation of Hb, as may have resulted in echinoytes from the availability of increased membrane area, may have further enhanced when the cells get deoxygenated because of increased rate of autoxoidation and reduced antioxidant activities within the cells.
Conclusion
Raman optical tweezers were used to investigate the functional changes in RBCs that may be associated with the major shape transformations, such as echinocytes and stomatocytes. The echinocytes were observed to suffer from ineffective release of oxygen at hypoxic ambience and also suffer from considerable level of Hb degradation. The increased Hb-oxygen affinity for the echinocytes may be detrimental considering that at high oxygen tension present in pulmonary capillaries, this should cause little increase in oxygen loading, but at a reduced oxygen tension present in tissues the release of oxygen from echinocytic RBCs may be incomplete. The results of this study may help in better understanding the disease mechanisms where such shape transitions of RBCs are known to occur, for example, patients suffering from uremia and pyruvate kinase deficiency. Also, the assessment of effects on patients consequent to the degradation of echinocytic cells should be given due considerations while using drugs such as chemotherapeutic agents that are known to induce the formation of echinocytic RBCs.
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